Abstract. Ultrahigh frequencies (UHF) have applications in signal and power electronics to minimize product sizes, increase production quantity and lower manufacturing cost. In the UHF range of 300 MHz to 3 GHz, ferrimagnetic iron oxides (ferrites) are especially useful because they combine the properties of a magnetic material with that of an electrical insulator. Ferrites have much higher electrical resistivity than metallic ferromagnetic materials, resulting in minimization of the eddy current losses, and total penetration of the electromagnetic (EM) field. Hence ferrites are frequently applied as circuit elements, magnetic storage media like read/write heads, phase shifters and Faraday rotators. The electromagnetic properties of ferrites are affected by operating conditions such as field strength, temperature and frequency. The spinel system Zn x Co 1-x Fe 2 O 4 (x=0.0, 0.25, 0.50 and 0.75) has been prepared by the standard solid state sintering method. X-ray and neutron powder diffraction measurements were performed at room temperature. Neutron diffraction data analysis confirms the cubic symmetry corresponding to the space group Fd3m. The distribution of three cations Zn 2+ , Co 2+ and Fe 3+ over the spinel lattice and other crystallographic parameters like lattice constant, oxygen position parameter, overall temperature factor and occupancies of different ions in different lattice sites for the samples have been determined from the analysis of neutron diffraction data. The lattice constant increases with increasing Zn content in the system. The magnetic structure was found to be ferrimagnetic for the samples with x 0.50. Magnetization measurements show that with the increase of Zn content in the system the value of saturation magnetization first increases and then decreases. The variation of the magnetic moment with Zn substitution has been discussed in terms of the distribution of magnetic and non-magnetic ions over the A and B sub-lattices and their exchange coupling.
INTRODUCTION
Ferrites have got wide spread applications in different fields for its wide variety of magnetic characteristics [1] [2] . Among the applications, ferrites are used in microwave operations, analog devices, transformer cores, high quality filters and radio frequency circuits [3] [4] [5] [6] [7] [8] [9] [10] . Ferrites are considered one of the very important magnetic materials used in low, high and very high frequency circuits. More recently, much interest have been paid in studying ferrites of varying compositions by using different techniques [11] [12] [13] [14] [15] . The general chemical formula for the spinel type ferrites is AB 2 O 4 , where A and B represent divalent and trivalent metal ions (cations), respectively and O represents the oxygen ions. The spinel structure consists of a face-centered cubic lattice of oxygen ions with two types of interstitial holes for cations of tetrahedral (A) and octahedral (B) site symmetries. Cations preferentially occupy these two sites depending on their relative size and the criteria of the minimization of the total crystal energy of the system [11, 14] . The investigation of cation distribution in ferrites, between tetrahedral and octahedral sites, provides information about the various factors that determines the coordination preferences in structural chemistry. Some recent studies [15] [16] [17] have emphasized the need for understanding of the cation distribution of complex systems. Neutron diffraction is a very good procedure to understand the atomic structure and, in many cases, can give unambiguous picture of the cation distribution since neutron coherent scattering lengths of elements adjacent to each other in the periodic table may differ significantly [12, 14, [18] [19] . In spinel, different physical and chemical properties are strongly dependent on the distribution of cations within the structure. In particular, the magnetization of the spinel systems strongly depends on the distribution of cations over the tetrahedral (A) and octahedral (B) sites. Recently, spinels are found to be good for electrode supports in solid oxide fuel cells [20] [21] [22] . In the present work, we have studied the crystal and magnetic structure of the spinel oxides Zn x Co 1-x Fe 2 O 4 (x=0.0, 0.25, 0.50 and 0.75) using X-ray and neutron diffraction techniques. In these spinels there are a large number of cations with different ionic sizes and their distribution over the A and B sites is of particular interest since the ferrimagnetic moment depends strongly on their cation distribution. Remanence magnetic moment, coercieve force and saturation magnetic moments have been measured to find the magnetic behavior.
EXPERIMENTAL
The spinel samples Zn x Co 1-x Fe 2 O 4 (x=0.0, 0.25, 0.50 and 0.75) have been prepared by traditional solid state sintering method. High purity ( 99.9%) NiO, ZnO, CuO and Fe 2 O 3 oxides were mixed thoroughly in exact stoichiometric ratios in a motar and pestle. The mixed powders were then ball milled for six hours in a stainless steel ball mill to produce fine powders. A small amount of distilled water was used as a milling fluid for fine mixing of the ingredients. Then the slurries were dried, palletized and transfer to a porcelain crucible for pre-firing at a temperature of 800 C for eight hours in air. After this pre-sintering operation, the pellets were again powdered, ball milled and re-palletized for final sintering at 1250 C for 6 hours. The X-ray diffraction experiments have been carried out in order to check the phases using the X-ray diffractometer (CuK 1 , =1.54056Å) at the Atomic Energy Center, Dhaka, Bangladesh. The X-ray diffraction patterns recorded in the angular range 15 2 85 with a step size of 0.02º showed sharp peaks corresponding to a single phase spinel structure. The magnetization measurements on all the samples were carried out at room temperature using vibrating sample magnetometer (VSM) at the Atomic Energy Center, Dhaka, Bangladesh.
Neutron powder diffraction experiment was carried out at room temperature using the Triple Axis Neutron Spectrometer (TAS) at the 3MW TRIGA Mark II research reactor at AERE, Savar, Dhaka. The powder neutron diffraction data thus collected were analyzed using computer program FullProf [23] in the Rietveld method [17] . Rietveld refinement of the neutron diffraction data provides a precise determination of the crystal structure in terms of the positions, widths and intensities of the Bragg peaks. Peak shapes were quantified by a pseudo-Voigt function. Peak asymmetry correction was applied for reflections below 65 0 in 2 . In the refinement process the background intensities were refined using a Chebyshev polynomial function with six coefficients. Each structural model was refined to convergence, with the best result selected on the basis of agreement factors and stability of the refinement. In the last cycle of the refinements, about 16 parameters were varied including scale factor, zero shift, peak shape parameter, half width, oxygen position parameters, lattice parameters, over all isotropic temperature factors and occupancies.
RESULTS AND DISCUSSION
The formation of single phase spinel structure for all the samples of the spinel system Zn x Co 1-x Fe 2 O 4 has been characterized by X-ray diffraction measurement. X-ray diffraction patterns showed sharp Bragg peaks corresponding to a cubic spinel structure with space group Fd3m. FIGURE 1 show the X-ray diffraction patterns for the spinel oxides CoFe 2 O 4 and Zn 0.5 Co 0.5 Fe 2 O 4 at room temperature. It is evident from the patterns that no impurity phase was found to exist for these samples.
Neutron diffraction measurements were performed at room temperature for the determination of the crystal and magnetic structure of the samples. FIGURE 2 shows the experimental neutron diffraction patterns for the samples Zn x Co 1-x Fe 2 O 4 (x=0.0, 0.25, 0.50 and 0.75) at room temperature. For the determination of correct magnetic structure it is essential to determine the exact cation distributions of the tetrahedral (A) and octahedral (B) sites of the spinel lattice. In spinel structures, both the crystallographic and magnetic unit cells are the same having identical symmetry relations. Therefore, the nuclear and magnetic contributions to the Bragg peaks occur at the same scattering position giving rise to an additional intensity in the diffraction patterns. But due to strong form factor dependence, the magnetic contributions rapidly fall off with scattering angle. Hence, the magnetic contributions are limited to the Bragg peaks in the low-Q region. Taking advantage of this, it is possible to determine the crystal and magnetic structure from the same neutron diffraction pattern. For the determination of the crystal structure we have considered only the higher angle neutron diffraction data where the magnetic contribution is negligible and for the magnetic structure we have considered the total neutron diffraction data. For determining the cation distribution and other crystallographic parameters the higher angle (43 2 90 ) neutron diffraction data, where magnetic contribution to the Bragg intensities is negligible, was profile analyzed using the computer program FullProf [23] in the Rietveld method [24] . The spinel structure has the symmetry of the space group Fd3m and this has been used in the data refinement for generating the calculated profile. The distributions of cations in tetrahedral (A) and octahedral (B) sites and other crystallographic parameters have been obtained from the Rietveld refinement of the room temperature neutron diffraction data. FIGURE 3 shows the fitted neutron diffraction pattern for the spinel oxides Zn 0.5 Co 0.5 Fe 2 O 4 confined to the higher angle (above 40 deg 2 ) neutron diffraction data considering only nuclear contributions at higher angles. A very good agreement between the observed and calculated patterns is evident from the figure. In complex spinels, the different cations are distributed over the A and B sites. The coherent scattering lengths of Co, Zn and Fe for neutrons are 2.49, 5.68 and 9.45fm, respectively. The significant difference in the coherent scattering lengths is advantageous and important for the correct determination of cation distribution. In the refinement process, initially Co was kept fixed on the B site since Co usually show this site preferences [18, 25, 26] . Then the occupancies of Zn and Fe on the two sites were varied within the stoichiometric constraint. Finally, the The results revealed that for the sample Zn 0.25 Co 0.75 Fe 2 O 4 , Zn occupied only A-site. As the Zn concentration increased, Zn was found in both A and B site, where Zn concentration started with 9% for x = 0.5 and decrease to 6.5% for x = 0.75 at the B-site. At the A-site, Co concentration was increased and Fe concentration was found to be decreased for all compositions. At the B-site, Co concentration was decreased and Fe concentration was increased for all samples. FIGURE 4 shows a graphical representation of the site occupancies with Zn content. Due to the cubic symmetry of nuclear and magnetic structure of spinel systems, the magnetic Bragg peaks override the nuclear Bragg peaks in the diffraction patterns. Therefore, the Bragg peaks in the neutron diffraction pattern contain both nuclear and magnetic information. Rietveld analysis of the total neutron diffraction data (10 2 90 ) containing both nuclear and magnetic contributions were analyzed using the program FullProf [23] in two different phases. Both the nuclear phase and the magnetic phase crystallize in the cubic Fd3m space group. For double phase refinement using Fullprof, the site occupancies of cations on both the tetrahedral and the octahedral sites were kept fixed as determined from the higher angle neutron diffraction data and other parameters were varied freely. The symmetry operators for the magnetic atoms were supplied as external input to the program. It was observed from the refinement process that the low angle Bragg peaks e.g. (111), (220), (222) possess large magnetic contributions. In spinel compounds the number of B sites are double the number of A sites. Thus the B site magnetization is usually larger than that of the A site and consequently the net moment being simply the difference between the two sublattice moments is normally parallel to the B sublattice moment [26] . A decreasing tendency of the strength of magnetization with increasing substitution of diamagnetic Zn ion in the system is quite evident from this plot. Net magnetic moment becomes zero for 75% Zn substitution of Co. All the samples under study have been found to possess ferrimagnetic ordering at room temperature. Remanence magnetic moments, coercieve forces and saturation magnetic moments were determined from the hysteresis curves obtained from the magnetization measurement of the samples. The values of the remanence magnetic moments, coercieve forces and saturation magnetic moments for different Zn (x values) substitutions are presented in TABLE 3. Remanence moment increases up to 50% Zn concentration and then decrease. Similarly, saturation magnetization increases up to 25% Zn concentration and then decreases. On the other hand, coercieve force decreases with Zn-concentration except for x = 0.75. The saturation magnetization as a function of Zn concentration is shown in Fig. 7 . The saturation magnetization increases with increasing Zn concentration (x) in the initial stage with the optimum value of x estimated as 0.3 (Fig.  7) . The saturation magnetic moment decreases with the further increase of x. This decrease is due to the decrease in magnetic AB interactions and as the colinearity of the sublattices are disturbed. 
CONCLUSIONS
Single-phase polycrystalline complex spinel samples of Zn x Co 1-x Fe 2 O 4 (x=0.0, 0.25, 0.50 and 0.75) were obtained by solid-state reaction and have been characterized by X-ray, neutron diffraction and magnetization measurements. All compositions crystallize in the cubic symmetry in the space group Fd3m. Neutron diffraction measurements gives a clear picture of structural parameters including cation distribution over A and B-site. The values of different crystallographic parameters and cation distributions are obtained in the best fit condition from the Rietveld analysis of the neutron diffraction data. The lattice constant increase with increasing the Zn content in the system. The magnetic structure was found to be ferrimagnetic for the samples with x 0.50. Magnetization measurements show that with the increase of Zn content in the system the value of saturation magnetization first increases and then decreases. The variation of the magnetic moment with Zn substitution has been discussed in terms of the distribution of magnetic and non-magnetic ions over the A and B sub-lattices and their exchange coupling. Undoped sample show a small concentration of Co at the A-site but with Zn-doping Co concentration increases. The major occupation of Fe was found at the octahedral location which is a well-documented fact. The knowledge of this cation distribution is useful for determining the electrical and magnetic properties. For detailed magnetic behavior of the system the temperature dependent neutron diffraction study is needed.
